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ABSTRACT
Although a large number of metal organic chelates is well 
known, the utilization of these chelates for chromatographic 
separations has not been thoroughly investigated. Iron, nickel, 
cobalt, copper, and manganese were separated as chelates of three 
different beta-diketones: acetylacetone, 2-thenoylperfluorobutyryl-
methane, and 2-furoylperfluorobutyrylmethane. Measurements of the 
solubilities, relative capacitances of equimolar solutions, and 
values of the metal chelates were made, and a qualitative 
relationship found between the R^ value and the solubility and 
relative adsorption affinity.
Cobalt(III), copper(ll), and nickel(ll) acetylacetonates 
were separated chromatographically on Whatman No. 1 filter paper 
using various mixtures of cyclohexane, dioxane, and methyl alcohol 
as the developing solvent. A mixture of 84 per cent cyclohexane,
10 per cent dioxane, and 6 per cent methyl alcohol gave good 
separations. The mean R  ^values were reproducible to ± 0.02.
Separation of iron(IIl), copper(ll), nickel(II), cobalt(ll), 
and manganese(II) 2-thenoylperfluorobutyrylmethane chelates was 
effected by the use of a petroleum ether T,B", methyl alcohol 
mixture, the most efficient separations being obtained with a 
92 per cent petroleum ether "B” and 8 per cent methyl alcohol
vi
mixture. Solid anhydrous sodium sulfate was added to the mixture 
to remove any moisture that might be absorbed from the atmosphere. 
A survey of the potentialities of 2-thenoylperfluorobutyrlraethane 
as a spot test reagent was made.
Mixtures of iron(IIl), copper(Il), nickel(ll), cobalt(II), 
and manganese(II) 2-furoylperfluorobutyrylmethane chelates were 
resolved using a solvent mixture of 92 per cent petroleum ether 
,!Bn, 7 per cent methyl alcohol, and 1 per cent dioxane. Solid 
anhydrous sodium sulfate was added to remove water from the system. 
A survey of the potentialities of 2-furoylperfluorobutyrylmethane 
as a spot test reagent was made.
Several factors affecting the chromatographic separation 
of the mixtures of metal chelates were studied qualitatively.
While no one factor could be found to explain the relative 
sequence of values, a consideration of solubility of the metal 
chelates in the developing solvent as the driving force, and ad­
sorption affinity of the metal chelates for the paper as the hold­
ing force gave the proper sequence for twelve of the thirteen 
metal chelates studied.
INTRODUCTION AND REVIEW OF THE LITERATURE
Chromatography has been defined as flan analytical technique 
for the resolution of solutes, in which separation is made by 
differential migration in a porous medium, and migration is caused 
by flow of solvent" (27). The technique of chromatography was 
first introduced by the botanist Tswett in 1903 (3,28), While 
studying the efficiency of column and batch adsorptions, Tswett 
noticed that when he poured a petroleum ether extract of green 
leaves over a column of inulin, a separation of colored pigments 
occurred on the column. The solution first coming through the 
column was colorless (petroleum ether), then yellow (carotene), 
while a green and a yellow band separated higher on the column. 
Upon addition of more petroleum ether, both bands spread out and 
moved down the column.
Tswett died prematurely in 1920 and his method of chromato­
graphic separation was little used during the following decade. 
Interest in TswettTs method was revived by Kuhn and Lederer in 
1931 when they separated; some plant carotenes and xanthophylls 
on a preparative scale using columns of alumina and calcium 
carbonate (15). Chromatography was adopted rapidly by a number 
of workers and successfully applied to a wide variety of problems 
involving chemical separations and purifications (3).
In 1938 Neuberger (21) observed that the partition
2coefficient between water and immiscible organic solvents was dif­
ferent for a number of acetylated amino acids. In 1941 Martin and 
Synge (19) attempted to separate these acids by means of a forty 
plate partitioning apparatus. In order to simplify their appara­
tus and at the same time increase the number of theoretical plates, 
Martin and Synge used silica gel as an inert support to hold the 
water phase and passed the immiscible organic solvent through the 
silica gel. Thus, the acids could be partitioned between the two 
immiscible liquids and be separated if they had different partition 
coefficients.
In 1944 Martin, Consden, and Gorden (7) used paper as the 
inert support and greatly increased the ease and applicability of 
their method. The amount of material needed for the paper chro­
matogram was very small and the zones could be detected directly 
on the paper. The paper was saturated with water vapor and the 
developing solution was usually a water containing organic solvent 
so that partition of the solute between the water held on the 
paper and the organic solvent could occur.
Chromatographic literature has increased greatly during 
the-last ten years. The apparatus needed for work in this field 
is simple and can be obtained inexpensively. Separations that are 
extremely difficult using the ordinary laboratory procedures of 
precipitation, extraction, and distillation can often be easily 
accomplished using chromatography. Resolution of a mixture of four 
or five substances on one chromatogram can frequently be obtained, 
the process being applicable to inorganic mixtures as well as
3organic ones. The wide variety of developing solvents and adsorb­
ents allows an almost unlimited number of possibilities for 
obtaining chromatographic separations.
As the applicability of chromatography to complicated mix­
tures became increasingly common, interest in the theoretical 
aspects of chromatography also increased. As the field broadened 
it became increasingly difficult to explain paper chromatographic 
separations as "partition chromatography." In many of the solvent 
systems used, the developing solvents were completely water soluble 
such as acetone, ethyl alcohol, or even water itself; other solvents 
contained no water at all, being pure anhydrous organic liquids.
It was difficult to consider partition occurring between miscible 
liquids or when only one solvent containing no water was used.
It is a well-known fact, however, that a small percentage of water, 
about 5 to 6 per cent, is held rather strongly by collulose 
paper (26). Martin (18) suggested that the water held on the 
surface of the paper acted as a strong solution of soluble poly­
saccharide which would then be immiscible with the organic phase 
(e.g. a strong solution of glucose will form two phases with 
aqueous propanol, the carbohydrate rich phase containing a 
relatively higher proportion of water, the other phase a relatively 
higher proportion of organic solvent),
Moore and Stein (20) found a number of discrepancies between 
the relative order of movement of various amino acids compared to 
their relative partition coefficients and concluded that neither 
starch nor paper acts merely as an inert support but that
4adsorption must also occur.
Hanes and Isherwood (13) postulated that some water exists 
structurally bound to the paper in a water-cellulose complex. 
Solutes are attracted to the water-cellulose complex in proportion 
to their hydrophylic character. The properties of this water- 
cellulose complex are considerably different from pure water.
In their book, Chromatography. Lederer and Lederer (15) 
state, nIt is thus mainly a matter of definition of terms whether 
the mechanism of. paper chromatography is called adsorption on, 
or a partition in, the water-cellulose complex. Further physico­
chemical data would be necessary for a better understanding of 
the exact nature of the mechanism.,,
This research problem may be roughly divided into two 
phases: an attempt to find new information that might help in
understanding the nature of the mechanism of paper chromatography, 
and the application of three different beta-diketones to the paper 
chromatographic separation of ionic mixtures as their metal che­
lates.
The use of chelating agents in the paper chromatographic 
separation of ionic mixtures offers several interesting possi­
bilities, The structural differences in the metal chelates might 
allow better separations than the simple ions. The metal chelates 
are soluble in a number of organic solvents in which the ions are 
insoluble and, therefore, allow a wider choice of developing 
solvents, ranging from non-polar hydrocarbons to polar alcohols 
and mixtures of the two. A definite advantage also exists in that
dilute mixtures of ions may be concentrated by precipitating and 
extracting the metal chelates into a small amount of immiscible 
solvent suitable for direct spotting on the chromatographic paper.
Although a very large number of metal-organic chelates is 
well known (17,30), the utilization of these chelates for chromato­
graphic separations has not been thoroughly investigated. Increas­
ing interest in the use of chelating agents for inorganic 
chromatographic separations has been shown in the appearance of a 
number of recent articles. Several different techniques have been 
used by the various authors. Burstall et al. (5), Pollard et al. 
(23), and Lederer (15) have used solvent systems containing che­
lating agents for the paper chromatographic separation of ionic 
mixtures. Other authors such as Erlenmayer et al. (10), Robinson 
(25), and Marti and Perez (4) employed columns of chelating agents 
for the separation of ionic mixtures. A third group including 
Reeves and Crumpler (24), Venturello and Ghe (29), and Berg and 
McIntyre (2) formed the metal chelates before developing the 
chromatograms.
A number of factors other than adsorption or partition may 
influence the chromatographic separations in the first two methods 
described in the preceding paragraph, namely, the rate of metal 
chelate formation, the presence of excess chelating agent, and the 
possibility of chelate hydrolysis in those solvents containing 
strong acids. In order to avoid these factors the author has 
preferred to spot the paper with the preformed metal chelate and 
develop the chromatogram with a solvent mixture not containing
6strong acids.
The chelating agents selected for this study were beta- 
diketones. The metal ions studied were iron, copper, nickel, 
cobalt, and manganese. Beta-diketones are 1,3 diones with R and 
R» groups situated on the first and third carbon atoms. Their 
enolized form reacts with metal ions to form rather stable six 
member chelate rings. The three beta-diketones studied are acetyl- 
acetone (R and Rl are CH^  groups), 2-thenoylperfluorobutyrylmethane 
(R is 2-thiophene and RT is C-jF^ ), and 2-furoylperfluorobutyryl- 
methane (R is 2-furan and Rl is C^F^).
H
Keto Form R - C - C - C - R 1
II I I 
O H O
Enol Form R - C = C - C - R »
I I
0 0
\
H
Metal Chelate R - C  = C- C-R»
n
7Although the application of beta-diketones to the paper chro­
matographic separation of mixtures of common ions was the primary 
concern of this research project, it was also hoped that some 
correlation between the relative movement of the metal chelate 
zones and one or two physical or chemical properties could be 
found. It is, of course, realized that a large number of factors 
influence chromatographic separations (31). It was felt, however, 
that if the more important factors could be determined, it might 
become possible to predict probable chromatographic separations.
The value is a measure of the distance moved by the 
solute zones and is, therefore, a measure of their separation.
It is defined as the ratio of the distance moved by the front of 
the solute zone divided by the distance moved by the solvent.
Since solutes that are very soluble in the developing solvents 
have large R^  values and solutes that are insoluble in the 
developing solvent do not move, it was assumed that the solubility 
of the metal chelates in the developing solvent was the driving 
force and measurements were made to determine if there was a 
correlation between solubility and R^ value. No definite 
correlation could be found between solubility and values which 
indicated that holding or adsorptive forces also had to be con­
sidered.
In considering the attractive forces that may be involved 
in the adsorption of one substance on the surface of another, it 
seems probable that only the secondary valence forces (van der 
Waal’s) need to be considered. This is because the very strong
8forces of cohesion of the primary valences (i.e., heteropolar, 
homopolar, and metallic linkages) which hold the molecule to­
gether soon become saturated and cease to act (16). Even after 
saturation of the primary valences occurs, other residual or 
secondary forces continue to operate. These van der Waal’s forces 
between saturated molecules are due to three different effects:
(1) the orientation effect of rigid dipoles; (2) the induction 
effect of polarizable particles; and (3) the dispersion effect 
due to the polarization of one molecule by the rapidly oscillating 
moments of the electron clouds of a second molecule. The orienta­
tion and inductive effects may be obtained from molar polarization 
measurements. The dispersion effect is recognized as being 
important but there is no easy way of evaluating it for these 
molecules and it will, therefore, not be treated experimentally 
in this study.
Since filter paper consists chiefly of alpha cellulose units, 
many polar hydroxyl groups are present which tend to hold e polar 
substance more strongly than a nonpolar one. For this reason, 
polarization should give a measure of the relative adsorption 
affinities of the metal chelates for the filter paper, Molar 
polarization of the individual metal chelates can be determined 
from the dielectric constant of the metal chelate solution which 
is determined from capacitance measurements.
Molar polarization of the metal chelates may be calculated 
from the following equations (12).
Pl,2 = *iPl +  *2P2
q _ Capacitance of solution 
Capacitance of dry cell
where D is the dielectric constant, the density of the solution, 
x^ and X2 are the mole fractions of the nonpolar solvent and polar 
solute, respectively, whose molecular weights are and M£. 1^,2 >
and are the molar polarizations of the solution, nonpolar 
solvent, and polar solute respectively.
From the preceding equations it can be seen that measure­
ments of the relative capacitances of equimolar solutions of similar
t
solutes in an ideal solvent indicate the relative polarization of 
the solute molecules. The majority of the metal chelates of any 
one beta-diketone studied has very nearly the same molecular weight 
due to the large molecular weight of the beta-diketone. Thus, the 
value of M2 is fairly constant for a given chelate (unless one of 
the ions has a different valence state). Since the same solvent is 
used for all the measurements, is constant and as the solutions 
are all equimolar -f- x^ M^ j) is also constant. Since approxi­
mately the same amount of metal chelate is added to the solvent in 
making the equimolar solutions, it is assumed that the density Q 
will be approximately the same for all the metal chelate solutions.
10
This leaves only the term to be considered in determining
Dt Z
the relative polarization of the solution and, therefore, of the 
metal chelates, since XjP^  and x>) are constant, P-^ 2 must be 
directly proportional to P2 (metal chelates).
It can easily be seen from the following table that the 
ratio 2zi increases as D increases, approaching a limiting value 
of 1 as D becomes very large.
TABLE I - Variation 
D
1 
1.2 
1.5 
2.0 
4.0 
6.0 
10.0 
20.0 
50.0
This treatment further assumes that there is no dielectric 
absorption and that equal solvent-solute interaction occurs. Since 
unequal solvent-solute interactions probably do occur, the
of With DD+2
D-l
D+2
0
.06
.14
.33
.50
.63
.75
.86
.95
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capacitance measured is only an approximation of the molar polari­
zation of the metal chelates.
The relative polarizations of the metal chelates can be 
obtained from the dielectric constants of equimolar solutions of 
the similar solutes in an ideal solvent. The determination of 
dielectric constants involves the measurement of the capacitance 
of the cell when empty and when filled with the solution being 
investigated. Since only a measure of the relative polarization 
is obtained using this method, the capacitance reading of the cell 
when filled with a solution of the metal chelate is used as the 
relative polarization of the metal chelate being measured instead 
of actually determining the dielectric constant of the solution.
It should also be noted that a correlation between the 
dielectric constant and the adsorption affinity has been shown 
experimentally by Jacque and Mathieu (14) who nvi-sured the ad­
sorption of benzophenone and other substances on alumina from a 
variety of solvents and from mixtures of solvents. On the basis 
of their experiments they enumerated the following rules: (1) in
a binary mixture the component with the higher dielectric constant 
is better adsorbed; (2) in binary mixtures of a given component 
with other substances the extent of adsorption of the component 
with the higher dielectric constant increases as the difference 
in the dielectric constants of the two; and (3) in ternary mix­
tures it is still the constituent with the highest dielectric
»
constant which is most adsorbed. There was, however, no clear 
relation found between the extent of the adsorption and the dipole
12
moment, or the polarizability (6),
The capacitance of the cell is measured at a frequency of
g
approximately 5 x 10 cycles per second because the time of re­
laxation of the molecules is short in comparison to the period of 
alternation. This can be shown from a calculation of the relaxa­
tion time "fc for the nickel chelate of 2-thenoylperfluorobutyryl- 
methane using the following equation (8) which assumes a spherical 
molecule:
•>  4 7T 1 a3
£  ~ k T
where is the viscosity of the solution, a the radius of the 
molecule, k the Boltzman constant, and T the absolute temperature.
The maximum radius of the molecule can be approximated from 
the following structure:
2
13
C
The C - C bond angle is 111°. It is assumed in the follow­
ing calculation that the bond angles for all bonds are 120°. Thus,
each bond distance contributed or 2/3 of its length toward the
J.OU
maximum radius of the molecule. Taking the metal as the center of 
the molecule two different radii may be calculated, one along the 
perfluoro chain, another along the 2-thenoyl grouping. The bond 
distances are taken from Pauling (22).
Ki - 0 1.39 Ni - 0 1.39
0 = c 1.22 0 - C 1.43
c -  c 1.54 C - C 1.54
c = c 1.33 C - C 1.54
c -  c 1.54 C - C 1.54
C - H 1.07 C - F 1.41
8.09 = 8 A0 8.85 = 9 A1
2/3 x 8 A0 : y  = 5.3 A0 2/3 x 9 A0 : 6 A0 radius
Thus, the maximum radius is 6 A0. Talcing ^ the viscosity as 0.005, 
the relaxation time, may be calculated (8):
-V - 4 IT '’l a3 . (4)f3.14)(.005)f6 x 10~8)3 
^ kl " (1.38 x 10-4b) (298)
. (.0628J.(216 x IQ-2.4) 10 !
C 4.11 x 10-14 3-30 x U  soc
2^  = 3.3 x 1 0 sec"^ - for nickel 2-thenoylperfluorobutyryl- 
methane
Since the frequency If of the oscillometer is 5 x 10® cy ^ -s , the
time of one cycle =J--  I 1 
~ir 5 x io6 2 x 10"6 = 2000 x 10“10 sec.
Therefore, the relaxation time is 2000 x 10~10 
3.3 x 10“i0
or about 600
times faster than the time for 1 cycle, and the assumption of no 
dielectric absorption is valid.
The molar polarization of a polar molecule consists of two 
terms, a distortion polarization resulting from induction or de­
formation and an orientation polarization due to a permanent 
dipole moment in the molecule. Distortion polarization is 
directly proportional to the polarizability, C( , of the molecule. 
Orientation polarization is directly proportional to the dipole 
moment, *U* , of the molecule
A first order approximation of the polarizability of solute 
molecules may be obtained from the refractive index difference 
between a solution and its solvent provided the measurements are 
made at a wavelength removed from a region of absorption. Debye 
and Nauman (9) have used the equation JUL-jUo = 0( in light
P ~ P 4* PMolar ” Distortion Orientation
P . . - —Distortion 3= | tt N «
P,1 - — TT NOrientation “ 3
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scattering work. The terms and Jt/L* are the refractive indexes 
of the solution and solvent respectively, n is the number of 
particles per cubic centimeter of solvent, and is the polari­
zability of the solute molecule. This equation may be derived in 
the following manner:
** “ distortion O^rientation
P = if measured with visible light where alter­
nations are too fast to measure ?n , ... .Orientation
P - D-l . M - A 2-! . M „ (A+l) (U -1) , M 
D+2 6 A \ 2 € /I2 4 2 6
Assuming
r - (l-HH^-l) , M .. 2M , „
■ (x-f2) g  '
p = p - psolute “ solution solvent
s^olute “ 0-l) - - — Ck solute
Since the solutions are dilute Q  r Q 0 and
s^olute
rtsoiute
therefore
/j -  21
M
' JLLo ©(solute = Kl solute
d^iere n is the number of particles per cubic centimeter as can be
16
seen from
gm no. particles
_ 27reN _ cc mole________ SS x n0» Part. x mole
M “ gm “ cc mole gm
mole
n = 2IT » no. particles 
cubic centimeters
It is assumed in this study that solubility of the metal 
chelates in the developing solvent is the driving force and that 
adsorption of the metal chelates on the filter paper is the holding' 
force. These two processes are in constant competition and deter­
mine the rate of movement of the metal chelates and, therefore, 
their R^. values. A study is made to determine if any correlations 
exist between values, solubility, polarization (or dielectric 
constant), and polarizability of the metal chelates.
2-Thenoylperfluorobutyrylmethane and 2-furoylperfluorobutyryl- 
methane are relatively new beta-diketones which were first prepared 
by Barkley and Levine in 1951 (1). No references to their uses 
were found in the literature. It, therefore, seemed advisable to 
investigate their chelating properties by making spot test deter­
minations on about forty of the more common ions.
EXPERIMENTAL
Reagents
Acetylacetone (Matheson Company) redistilled.
2-Thenoylperfluorobutyrylmethane (Mid-Continent Chemistry Corp.).
2-Furoylperfluorobutyrylmethane (Mid-Continent Chemistry 0011).).
C. P. methyl alcohol.
Cyclohexane (practical grade) redistilled.
Dioxane (technical grade) redistilled.
Dioxane (technical grade) purified by refluxing with 0.1 N hydro­
chloric acid, separated by addition of excess concentrated 
sodium hydroxide, dried over potassium hydroxide, and distilled 
over sodium wire.
C. P. ethyl acetate.
C. P. sodium sulfate, anhydrous.
1 per cent solution of dimethylglyoxime in ethyl alcohol.
0.3 per cent solution of dithiooxamide in ethyl alcohol.
0.05 M. aqueous solution of sodium hydroxide.
Benzidine solution: 0.05 grams benzidine base dissolved in 10 ml.
of acetic acid, diluted to 100 ml. with distilled water and 
filtered.
2 per cent aqueous solutions of the metal ions prepared from:
17
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C. P. cobalt (II) nitrate.
C. P. nickel (II) nitrate.
C. P. copper (II) nitrate.
C. P. manganese (II) nitrate.
C. P. iron (III) nitrate.
Apparatus
Beckman Model DU Spectrophotometer.
B-S Differential Refractoraeter (Phoenix Precision Instrument Co.). 
Bausch and Lomb Grating Monochromoter with tungsten lamp.
Sargent Model V Chemical Oscillometer with Oscillometric Cell 
Compensator and Cell Holder - Type A.
Chromatographic Chamber.
Forced Air Chromatographic Reagent Sprayer.
Spot Tests
In order to determine which ions would form chelates with 
2-thenoylperfluorobutyrylmethane and 2-furoylperfluorobutyryl- 
methane, a number of spot test determinations were made. One 
drop of 1 per cent ionic solution was placed in a spot plate, 
one drop of 5 per cent sodium acetate added, followed by one 
or two drops of a 5 per cent alcoholic solution of the reagent.
If a color or precipitate formed, the test was repeated using a 
more dilute ionic solution. All sensitivities were determined 
in a total volume of from 0.1 to 0.2 ml.
19
Preparation of Cobalt(III). Copper(Il). and Nickel(II) Acetyl- 
acetonates
Acetylacetonates of cobalt(IIl), copper(Il), and nickel(Il) 
were prepared by shaking 1 per cent solutions of the cobalt(Il), 
copper^ Il), and nickel(II) ions, adjusted approximately to a pH of 
7 with sodium acetate, and acetylacetone. The nickel acetylace- 
tonate was extracted with n-butyl alcohol and shaken with distilled 
water to remove nickel ions. The copper and cobalt acetylace­
tonates were extracted with methyl isopropyl ketone and shaken with 
water to remove any ions. In the extraction of the cobalt 
acetylacetonate, the methyl isopropyl ketone was kept in contact 
with the original solution until the ketone layer developed a dark 
green color. This chelate corresponded to the cobalt(lll) acetyl­
acetonate described by Gach (11). The cobalt(IIl) chelate was 
formed through oxidation of cobalt(II) probably by impurities in 
the methyl isopropyl ketone. Final colors of the extracted and 
washed solutions of cobalt, copper, and nickel acetylacetonates 
were dark green, blue-green, and yellow-green respectively.
Sufficient amounts of solid metal chelates for solubility 
determinations were obtained by the following procedures: Copper(ll)
acetylacetonate was precipitated by shaking acetylacetone with a 
1 per cent solution of copper(Il) nitrate, adjusted approximately 
to a pH of 7 with sodium acetate. The pale blue precipitate was 
washed with hot water, dissolved in hot methyl alcohol and recrys­
tallized by addition of water.
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The cobalt(III) and nickel(II) acetylacetonates were ob­
tained by evaporating the solutions of extracted chelates to dry­
ness in a vacuum desiccator. The solid cobalt(IIl) and nickel(ll) 
acetylacetonates were, respectively, dark green and pale green.
An equimolar mixture of cobalt(II), copper(Il), and nickel(Il) 
ions was converted to a mixture of the metal chelates using the 
following procedure: Sixty ml. of a 2 per cent solution of cobalt, 
copper, and nickel nitrates were treated with 20 ml. of 3 per cent
hydrogen peroxide, and heated on a steam'bath for 15 minutes. The
solution was then adjusted to a pH of 7 with sodium acetate, and 
20 ml. of a 1 to 1 mixture of acetylacetone-ethyl alcohol was 
added to form the metal chelates. The solution was heated for a 
few minutes and then treated with 50 ml. of a 1 to 1 mixture of 
methyl isopropyl ketone and n-butyl alcohol, heated on a steam 
bath for 30 minutes and allowed to stand for several hours or
until the organic layer was dark green. The organic layer was then
removed and used to spot the chromatographic paper. The chromato­
graphs of the mixture were identical with those of the individual 
chelates spotted together.
Preparation of Iron(III). Nickel(II), Cobalt(II). Copper(II). and 
Manganese(II) Chelates of 2-Thenoylperfluorobutyrylmethane and 
2-Furoylperfluorobutyrylmethane
The individual metal chelates were prepared by the addition 
of a 5 per cent alcoholic solution of 2-thenoylperfluorobutyryl- 
methane or 2-furoylperfluorobutyrylmethane to a 2 per cent
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aqueous solution of the ion, buffered approximately to neutrality 
with sodium acetate. All of the precipitated chelates except 
iron(III) were filtered, dissolved in ethyl alcohol, recrystallized 
by addition of water, filtered,' and dried over calcium chloride 
in a vacuum desiccator for several days. The iron(lll) chelate 
could not be recrystallized from alcoholic solution by addition 
of water because of a tendency to form a colloidal solution. The 
precipitated iron(III) chelate was filtered and transferred to a 
beaker of hot water. The iron(lll) chelate formed a heavy oil, 
the hot water was decanted and the chelate, which hardened 
rapidly, was pulverized and dried over calcium chloride in a 
vacuum desiccator for several days. 0.1 gram of each of the metal 
chelates .was dissolved in separate 10 ml. portions of ethyl alco­
hol giving a concentration of 10 grams per liter. Approximately 
5 JA 1. of each solution was used in spotting the paper for 
analysis. FiftyyA g. of each metal chelate or less than 5 g. 
of each metal were present in the final spot.
A solution of the mixture of chelates was prepared in the 
same way except that the mixture of the precipitated chelates was 
extracted into ethyl acetate instead of being recrystallized from 
an ethyl alcohol-water mixture.
Experimental Procedure
A photograph of the chromatographic apparatus is given on 
the following page. A hydrometer cylinder 43 cm, tall and 7 cm. 
in diameter served as the chromatographic cylinder. The glass
Figure 1 
Paper Chromatographic Apparatus
lift -
s£|
m m
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plate serving as the top is 10 cm. square and has a hole 2/3 cm. 
in diameter at its center. A closely fitting screw passes through 
the center of the plate. A rubber washer attached to the screw 
helps prevent evaporation of the solvent through small openings 
between the screw and the hole in the glass plate. Near the 
end of the screw is a small hole bored perpendicular to the length 
of the screw and through which a closely fitting metal rod has 
been inserted. The chromatographic paper is attached to this rod 
by means of staples. The screw and the chromatographic paper 
attached to it are held in position by means of a paper clip 
attached to the screw and resting; on top of the glass plate.
The developing solvent was placed in the bottom of the 
chromatographic chamber to a depth of approximately 3 cm. A part 
of the cylinder wall was lined with filter paper and soaked with 
the developing solvent in order to saturate the chamber more 
efficiently. Twelve hours were then allowed for complete satura­
tion of the chromatographic chamber.
Whatman No. 1 filter paper strips 2-| inches wide were spotted 
with solutions of the metal chelates in two places about one inch 
apart and approximately one inch from the bottom of the paper. The 
paper was allowed to dry in air for one hour. It was then placed 
in the chromatographic chamber for one hour to allow the paper to 
become saturated with vapor before immersion in the developing sol­
vent. The chromatograms were completely developed in two hours, 
the solvent front having ascended approximately 25 centimeters.
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Selection of the Developing Solvent
Preliminary chromatograms using a wide variety of pure 
developing solvents ranging from non-polar hydrocarbons to polar 
alcohols gave some indication of the solvent systems likely to 
give possible chromatographic separations. In general it was 
noted that most of the metal chelates moved in polar solvents 
but not in non-polar ones. It seemed likely that mixtures of 
polar and non-polar solvents might move the metal chelates at 
different rates and, therefore, cause separations. The solvent 
systems finally selected for each of the three beta-diketone 
systems were determined experimentally after testing a number of 
solvent mixtures.
In the study of cobalt(lll), copper(ll), and nickel(II) 
acetylacetonates, it was observed that all of the metal chelates 
moved with large values in methyl alcohol but only the 
cobalt(III) chelate moved in cyclohexane. Mixtures of small 
quantities of methyl alcohol in cyclohexane appeared to cause some 
separation of the chelates. An appreciable amount of methyl alco­
hol was not soluble in cyclohexane, however, and-a third component, 
dioxane, was added to form a miscible solvent mixture. A mixture 
of 84 per cent cyclohexane, 10 per cent dioxane, and 6 per cent 
methyl alcohol gave good separations of the metal acetylacetonates.
Preliminary work indicated that petroleum ether and methyl 
alcohol would make a desirable solvent mixture for the separation 
of the five metal chelates of 2-thenoylperfluorobutyrylmethane.
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Petroleum ether alone moved the iron(III) chelate near the solvent 
front and the copper(ll) chelate about half way. The nickel(II), 
cobalt(II), and manganese(Il) chelates did not move. Methyl alcohol 
moved all the metal chelates near the solvent front, except the 
manganese(II) chelate which trailed behind the solvent front. A 
number of other polar solvents were tried mixed with petroleum 
ether but none of the mixtures gave good separations.
Small quantities of methyl alcohol mixed readily with 
petroleum ether MBM but upon standing two layers were noticed. It 
was observed that this inmiscibility was due to moisture absorbed 
from the air. The addition of anhydrous sodium sulfate into the 
petroleum ether-methyl alcohol mixture eliminated this difficulty. 
The most efficient separations were obtained using a solvent mix­
ture of 92 per cent petroleum ether !IBW and 8 per cent methyl 
alcohol.
The metal chelates of 2-furoylperfluorobutyrylmethane 
acted very similarly to the 2-thenoylperfluorobutyrylmethane che­
lates in their paper chromatographic behavior. Only the iron(lll) 
and copper(II) chelates moved in petroleum ether "B*1 whereas all 
five chelates moved in methyl alcohol. A small amount of dioxane 
was found helpful in forming sharper zones. A solvent mixture of 
92 per cent petroleum ether nB,f, 7 per cent methyl alcohol, and 1 
per cent dioxane was found to give the most efficient separation 
of the metal chelates. Solid anhydrous sodium sulfate was added 
to remove water from the solvent mixture.
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To verify that the metal chelates were being chromatographed 
and not the ions, a paper was spotted with the metal nitrates and 
chromatographed under conditions identical to the procedure used 
with the metal chelates of each of the three beta-diketones studied. 
No migration of the ions was observed.
Detection of the Metal Chelates on the Paper Chromatogram
After the chromatograms had developed for two hours, the 
paper was removed from the chromatographic chamber and the solvent 
front marked. The paper was then clipped to a string drying line 
and allowed to dry suspended in the air. The dried chromatogram 
was scanned under ultra-violet light and any visibly dark spots 
were marked with a pencil to aid in determining the front of the 
metal chelate zones.
In the case of the metal acetylacetonates, the cobalt(lll) 
chelate could be visibly detected by its green color. The nickel(Il) 
chelate was detected by spraying with an alcoholic solution of di- 
methylglyoxime and exposing the paper to ammonia fumes to form the 
red coloration of nickel dimethylgloximate. The copper(II) 
chelate was detected by dithiooxamide which forms a black color 
with copper after being exposed to ammonia fumes. Dithiooxamide 
also formed a yellow color with cobalt and a blue color with nickel. 
The spray tests were more sensitive when only one reagent was 
sprayed on each chromatogram.
The metal chelates of 2-thenoylperfluorobutyrylmethane and 
of 2-furoylperfluorobutyrylmethanc were detected in the same manner.
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The iron(lll) chelate was detected by its visible yellow color. 
Although the iron(IIl) chelate is red in solution, it appears 
yellow on paper when very dilute and diffuse. The cobalt(II), 
nickel(ll), and copper(ll) chelates gave yellow, blue, and gray- 
black colors respectively when sprayed with an alcoholic solution 
of dithiooxamide and exposed to ammonia fumes. The manganese(Il) 
chelate was detected by spraying the paper first with 0.05 N 
sodium hydroxide and then with benzidine reagent to give a green 
color.
The spray tests were more sensitive when only one reagent 
was sprayed on each chromatogram. Therefore, each paper was 
spotted in two different places about one inch apart and approxi­
mately one inch from the bottom of the paper. After the chromato­
gram was developed, it was cut into two strips in order to be 
used for two different spray tests.
Physical Measurements
A Sargent Model V Chemical Oscillometer with a fixed 
frequency of 5 x 10® cycles per second was used for the relative 
dielectric constant*measurements of dilute equimolar solutions 
of the metal chelates in pure organic solvents. Absorption spectra 
of 0.01 M solutions of the metal chelates in ethyl acetate were 
obtained using a Beckman DU Spectrophotometer. Refractive index 
difference measurements between pure ethyl acetate and solutions 
of different concentrations of the metal chelates in ethyl acetate
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were obtained using a B-S Differential Refractometer with a Bausch 
and Lomb Grating Monochromator as the light source.
Solubility measurements were obtained by evaporating an 
aliquot of a saturated solution of the metal chelate in the de­
veloping solvent to dryness in a vacuum desiccator and weighing 
the residue. Saturated solutions of the metal chelates in the 
various developing solvents were periodically shaken for one hour 
and centrifuged. Anhydrous sodium sulfate was added to the 
saturated solutions in small quantities to remove any moisture 
absorbed from the atmosphere in the solubility determinations 
of the metal chelates of 2-thenoylperfluorobutyrylmethane and 
2-furoylperfluorobutyrylmethane. An aliquot of the saturated 
solution was withdrawn by means of a pipette and transferred to 
a small preweighed evaporating dish. The solvent was removed by 
evaporation in a vacuum desiccator and the residue determined by 
difference in weight.
DESCRIPTION AND DISCUSSION OF RESULTS
Acetylacetone
Data
The most effective separations occurred with the lower 
concentrations of methyl alcohol and dioxane. Mixtures of cyclo­
hexane and dioxane did not give chromatograms suitable for 
measurement. Solvent mixtures near 6 per cent methyl alcohol,
10 per cent dioxane, and 84 per cent cyclohexane gave good 
separations. The Rf values were reproducible with an average 
deviation of + 0.02,
Table II shows the average values of the metal acetyl­
acetonates related to an increasing concentration of dioxane in 
three fixed concentrations of methyl alcohol with cyclohexane 
complementing the dioxane concentration.
Solubilities of the metal acetylacetonates in the develop­
ing solvents are given in Table III. It is noted that the solu­
bility of the cobalt(lll) chelate is approximately ten times 
greater than that of the nickel(ll) and copper(Il) chelates which 
have very similar solubilities. Solubilities of the metal chelates 
in the pure solvents used in the developing solution are given in 
Table IV, The solubility values are accurate to about & 10 per cent.
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TABLE II
Rf Values of Metal Acetylacetonates 
in Mixed Solvent System (Cyclohexane, Dioxane, Methanol)
Cobalt (HI) Acetylacetonate Copper(Il) Acetylacetonate Nickel(II) Acetylacetonate
3% 9% 3% 655 % 3% 6£ %
Dioxane Methanol Methanol Methanol Methanol Methanol Methanol Methanol Methanol Methanol
5 0.58 • « • • • • 0.18 • • • • • « 0.00 • • • • • •
7 • • • 0.57 • • • • * • 0.22 • « • • • • 0.00 • • •
10 0.69 0.64 0.56 0.25 0.27 0.27 0.00 0.00 0.00
15 0.76 0.72 0.65 0.29 0.34 0.37 0.00 0.00 0.00
20 0.79 0.77 0.73 0.34 0.39 0.44 0.00 0.00 0.02
25 0.83 0.81 0.75 0.43 0.47 0.48 0.00 0.00 0.02
35 0.90 0.88 0.84 0.56 0.57 0.60 0.00 0.01 0.03
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TABLE III
Solubility of Metal Acetylacetonates in 
Mixed Solvent System (Cyclohexane, Dioxane, Methanol)
gnu cobalt(III)/lit, gnu copper(ll)/lit. gm nickel(II)/lit.
%
Dioxane
3%
Methanol
9%
Methanol
3%
Methanol
9%
Methanol
3%
Methanol
9%
Methanol
5 5.3 • • • 0.64 • • • 0.63 • • •
10 • • • 17.4 0.82 2.02 • • • • 1.35
15 10.1 • • • 1.24 2.60 1.07 • • •
20 • l 27.3 1.64 3.05 • • fl # • #
25 17.5 • • • 2.13 3.76 3.13 8.6
35 • • • • • • 3.08 5.08 • * • • •
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TABLE IV
Solubility (Grams Per Liter) 
of Cobalt(IIl), Copper(ll), and 
Nickel(ll) Acetylacetonates in Pure Solvents
Chelate Cyclohexane Dioxane Methyl Alcohol
Co 1.0 89.8 58.0
Cu 0.2 16.3 3.5
Ni 0.2 26.0 78.2
Capacitance measurements of 0.01 M solutions of the metal 
acetylacetonates in methyl alcohol are given in Table V. Methyl 
alcohol had to be used as the solvent for these measurements 
because no other pure solvent could be found that would dissolve 
enough of the different metal chelates to make 0.01 M solutions. 
The dioxane used in the chromatographic work and in the solubility 
measurements was of a technical grade. Purified dioxane suitable 
for use in dielectric constant measurements would not dissolve a 
sufficient amount of all of the metal chelates. The capacitance 
measurements were accurate to ± 10 dial units.
Discussion
It is noted that the value of the copper(ll) acetylace­
tonate increases with increasing concentration of dioxane and/or
TABLE V
Capacitance Measurements 
of 0.01 M Solutions of the Various 
Metal Acetylacetonates in Methyl Alcohol
Capacitance 
(Dial Units)
29,800
30,140
32,000
methyl alcoho-ol. The solubility data for copper(II) acetylace­
tonate in TaH_ble III shows a similar relationship between solu­
bility and cosoncentrations of dioxane or methyl alcohol. Both the 
Rf and the so-olubility values of the copper acetylacetonate give a 
straight lino e relationship when plotted against increasing concen­
tration of d±_ioxane.
The values of the cobalt acetylacetonate increased with 
increasing co oncentration of dioxane but decreased slightly with 
increasing co oncentration of methyl alcohol over the concentration 
range studiecwi. The values of the nickel acetylacetonate are 
very small, fcfhut seem to increase slightly with increasing concen­
tration of cLELioxane and/or methyl alcohol.
If soUZLubility of the metal acetylacetonates in the develop­
ing solvent were the governing factor in this system, then it
Chelate
Cu
Co
Ni
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would be expected that the solubility of the metal acetylacetonates 
should be cobhlt ^  copper^ nickel. Table III shows that cobalt 
acetylacetonate is the most soluble chelate as one might suspect 
but also shows that the solubility of the copper and nickel acetyl­
acetonates are too similar to separate on the basis of solubility 
alone.
The relative molar polarization of the various metal chelates 
taken from the relative capacitance measurements in Table V should 
be in the order nickel^ cobalt ) copper. The greater the polari­
zation the greater the adsorption affinity and the smaller the 
value should be.
Comparison of the solubility and polarization data indicates 
that the relative Rj values fall in a logical sequence:
Solubility cobalt copper, nickel
Polarization nickel^) cobalt ) copper
R^ Values cobalt^ copper^ nickel
The small difference in solubility of the copper and nickel 
chelates coupled with the large polarization of the nickel chelate 
gives an R^ sequence copper^ nickel, whereas the much larger 
solubility of the cobalt chelate coupled with only a slightly 
larger polarization than the copper chelate gives an R^ sequence 
cobalt y copper. Thus, the relative Rf values of this system can 
be explained qualitatively hy a consideration of solubility and
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adsorption affinity.
2-Thenoylperfiuorobutyrylmethane
Data
2-Thenoylperfluorobutyrylmethane is an excellent chelating 
agent for a large number of metal ions. Table VI gives the colors 
and sensitivities of the test in 0.1 - 0.2 ml. of solution.
The Rf values shown in Table VII are average values ob­
tained from three or more chromatograms having an average devia­
tion of + 0.03, The iron(IIl) and copper(Il) chelates can be 
separated completely from each other and from the other metal 
chelates in pure petroleum ether The most efficient separa­
tions were obtained with 92 per cent petroleum ether ^ B” and 8 per 
cent methyl alcohol. Essentially complete separations were ob­
tained with the following sequences iron ) copper ) nickel  ^
cobalt^ manganese. The nickel(ll) and cobalt(ll) chelates were 
not completely resolved but were sufficiently resolved to give 
reliable tests for each.
The solubility data given in Table VIII shows that in 100 
per,cent petroleum ether ’’B" the iron(lll) chelate is the most 
soluble, the copper(ll) chelate is slightly soluble, and the others 
insoluble, In the mixtures of petroleum ether I,Brf and methyl 
alcohol studied, the iron(IIl) chelate is more soluble than the 
other chelates which have similar solubilities. The solubilities 
are accurate to about £ 10 per cent.
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TABLE VI
Colors and Sensitivities of 2-Thenoylperfluorobutyryl- 
methane Spot Tests with Various Metal Ions4*
Ion Color Sensitivity in 0
Fe« purple 0.3
Fe+3 red 2
Co42 orange 2
Mn42 yellow 2
Ce+4 brown 2
v 43 brown 2
< yellow 2
Au43 black 2
Cu42 green 5
Ni42 green 5
Pd42 yellow 5
Cu4*1 green 10
Ti44 yellow 25
Tl+1 yellow 75
Ag41 yellow 150
Pb42
-2
yellow 500
Mo0„
4
yellow 500
mg*2, Mg ZnT2, Ba*2, +2 <-2 Sr , and Ca formed white
precipitates. Rh*3, Ir*4, Pt44, Sn42, Sn44, Sb43, Bi43,
Hg41, Cr43, Cd42, La43, Al43, Li4'*', and WO^-2 did not
give colored solutions or precipitates with 2-thenoylper- 
fluorobutyrylmethane,
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TABLE VII
Values of Various Metal 
2-Thenoylperfluorobutyrylmethane Chelates
in Mixed Solvents of Petroleum Ether "B" and Methyl Alcohol
Rf Values of Metal Chelates
% %
Petroleum ether Methanol Fe Cu Ni Co Mn
100 0 0.95 0.48 0.00 0.00 0.00
97 3 0.96 0.92 0.67 0.59 0.23
.94 6 0.89 0.83 0.57 0.52 0.32
92 8 0.82 0.77 0.51 0.47 0.35
90 10 0.81 0.76 0,50 0.47 0.36
TABLE VIII 
Solubility of Various Metal 
2-Thenoylperfluorobutyrylmethane Chelates in Mixed 
Developing Solvents of Petroleum Ether nBn and Methyl Alcohol
Solubilities (^ ) of Metal Chelates
Petroleum Ether Methanol Fe ’ !Cu Ni Co Mn
100 0 14.4 0.7 0.0 0.0 0.0
97 3 56.6 7.6 5.2 4.9 6.2
94 6 96.3 12.8 13.4 11.3 12.2
91 9 20.4 22.5 19.7 22.3
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Relative capacitance measurements of solutions of the metal 
chelates in dioxane and in ethyl acetate are given in Table IX. It 
is noted that the iron(IIl) and manganese(Il) chelate solutions have 
the greatest capacitance followed by the very similar capacitance 
of the cobalt(Il) and nickel(ll) chelate solutions. The copper(II) 
chelate solution has the lowest capacitance of the five chelates 
studied. Although the capacitance measurements are reliable only 
to dt 10 dial units, the differences, in the capacitances of the 
chelate solutions are small and the last figure may have qualita­
tive significance.
TABLE IX 
Capacitance Measurements 
(Dial Units) of Solutions of the 
Metal Chelates in Dioxane and in Ethyl Acetate
Chelates Dioxane Ethyl Acetate
0,0311 0.01M 0i04M
iron 14,551 18,382 8,090
manganese 14,419:, 18,415 -
cobalt 14,416 18,358 8,041
nickel 14,411 18,360 8,052
copper 14,371 18,327 7,971
solvent 14,191 18,190 -
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Absorption spectra for 0.01 M solutions of the pure metal 
chelates in ethyl acetate are given in Figure 2. At a wavelength 
of 700 mja. only the solution of the copper(Il) chelate absorbs 
appreciably.
Refractive index differences between pure solvent and 0.01 M 
solutions of the metal chelates in ethyl acetate versus wavelength 
.are given in Figure 3. Each of the metal chelate solutions gives 
a normal dispersion curve.
Refractive index differences between pure solvent and 
various concentrations of the metal chelates in ethyl acetate are 
given for a wavelength of 700 n\jl in Figure 4, Straight line re­
lationships were found for all five chelate solutions. It is 
noted that the refractive index difference is largest for the 
iron(III) chelate solution. The copper(ll) chelate solution has 
a slightly larger refractive index difference than the other three 
metal chelate solutions which have practically identical values.
Discussion
A qualitative explanation of the relative sequence of R^ 
values is possible from a consideration of the relative solubilities 
and relative capacitances of solutions of the different metal che­
lates. Relative capacitance measurements give relative polariza­
tion values and indicate the relative, adsorption affinities of the 
metal chelates.
A qualitative explanation of the sequence of Rj values can
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be seen from the following:
Values iron ^  copper^ nickel £ cobalt ^  manganese
Solubility iron ^  nickel, copper, manganese, cobalt
Adsorption Affinity iron, manganese^ nickel, cobalt^ copper
From the adsorption affinity data one would expect the 
sequence to be copper ^  nickel, cobalt ^  iron, manganese, while 
the solubility data predicts iron ^  nickel, copper, manganese, 
cobalt. From the solubility data alone, one would predict that 
the R^. value of the iron(ill) chelate would be very large in com­
parison with the other metal chelates whose R^ values would be 
much smaller and very close together. Thus, it is seen that in 
this solvent system the separation of the other four chelates 
must depend on different adsorption affinities.
The adsorption affinity data predicts an R  ^sequence 
copper^ nickel, cobalt^ iron, manganese. The solubility of 
the iron(lll) chelate is so great, it apparently overcomes its 
high adsorption affinity giving an R^ sequence iron ^  copper^ 
nickel, cobalt^ manganese. Since the solubility and adsorption 
affinity of the nickel(ll) and cobalt(Il) chelates are so close 
together, it might be expected that this solvent system cannot 
completely separate them. Their capacitance (adsorption 
affinity) values are practically identical and their solubilities 
very nearly the same. Actually, the nickel chelate is slightly 
more soluble than the cobalt chelate and this may account for its
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partial separation from the cobalt chelate. Therefore, a qualita­
tive explanation for the, R^  sequence iron) copper) nickel > 
cobalt y manganese is possible from solubility and capacitance 
measurements alone.
From Figure 4 it can be seen that the relative polariza- 
bility of the nickel(II), cobalt(II), and manganese(II) chelates 
are very similar. The copper(II) chelate has a slightly larger 
polarizability and the iron(III) chelate a much larger polariza- 
bility than the very similar polarizabilities of the other three 
metal chelates. Thus, the relative polarizabilities are iron^ 
copper^ nickel, cobalt, manganese. On the basis of polarizability 
the sequence would be nickel, cobalt, manganese^ copper^ iron 
and when compared with the solubility data would predict an R^  
sequence iron y nickel, cobalt, manganese y copper. Since this is 
not the proper R^ sequence, it is supposed that the distortion 
polarization (electronic polarizability) does not play the most 
significant role in this system. This is not unusual for it has 
been shown by a number of authors that dipole forces and dispersion 
forces are often much larger than inductive forces (16).
2-Furoylperfluorobutyrylmethane
Data
2-Furoylperfluorobutyrylmethane reacts similarly to 2- 
thenoylperfluorobutyrylmethane as a chelating agent with a large
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number of metal ions forming especially sensitive spot tests with 
a number of the transition elements in Table X.
The values shown in Table XI are average value obtained 
from three chromatograms with an average deviation of ± 0.03. 
Essentially complete separations were obtained'except in the case 
of the nickel(II) and cobalt(II) chelates which were sufficiently 
resolved to give reliable tests for each.
The solubility data given in Table XII shows that the 
nickel(II), cobalt(II), and manganese(II) chelates have approxi­
mately the same solubility which is only about one-half that of 
the iron(IIl) chelate and only one-third that of the copper(Il) 
chelate. The solubilities are accurate to aboutir 10 per cent.
Relative capacitance measurements of .025 M solutions of 
the metal chelates in ethyl acetate are given in Table XIII.
0.01 M solutions did not give large enough variations in the 
capacitance measurements to make reasonably accurate interpreta­
tions of their differences. Although the capacitance measurements 
are reliable only to ± 10 dial units, the differences in the 
capacitances of the chelate solutions are small and the last figure 
may.have qualitative significance.
Absorption spectra of 0.01 M solutions of the five metal 
chelates in ethyl acetate are given in Figure 5. At a wavelength 
of 700 my*, only the solution of the copper(II) chelate absorbs 
appreciably.
The differences in refractive index between pure ethyl
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TABLE X 
Colors and Sensitivities 
of Spot Tests for Common Metal 
Ions Using 2-Furoylperfluorobutyrylmethane^
Ion Color Sensitivity
Fe*2 purple 0.3
Fe+3 red 2
Co"*"2 orange 2
Mn+2 yellow 2
+•2 uoY yellow 2
Y +3 red 2
Au+3 black 2
Ce+4 brown 2
Cu+2 green 5
Ni+2 green 5
Pd4"2 yellow 5
Cu+1 green 15
Mo04-2 orange 15
Cr4"3 brown 25
Ti+4 yellow 50
Ag+1 yellow 500
T1+1 yellow 500
wo4-2 tan 500
*La+1, Mg+2, Ca+2, Sr+2, Ba+2, Zn+2, Cd+2, Hgf2, A1+3, 
and Zr^ gave white precipitates. Li4"^, Pb4*2, Sn4"2,
Sb+3, Rh+3, Ptf4, Ir+4, Sn+4, Cr207~2, and Cr04"2 ions do 
not produce colors or precipitates with the chelating agent 
under the conditions of the above tests.
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TABLE XI
Values for Various Metal 2-Furoylper- 
fluorobutyrylmethane Chelates in a Mixture of 
92$ Petroleum Ether "B", 7$ Methyl Alcohol and 1$ Dioxane
Metal Chelate Rf Value
Iron(III) 0.84
Copper (II) 0.7-7
Nickel(II) 0.50
Cobalt(II) 0.46
Manganese(II) 0.20
TABLE XII
Solubility of Various Metal 2-Furoyl- 
perfluorobutyrylmethane Chelates in the Developing Solvent 
Mixture of 92$ Petroleum Ether ”B,r, 7$ Methanol, and 1$ Dioxane
Metal Chelate Solubility (gm/liter)
Copper (II) 55.3
Iron(III) 32.1
Nickel(II) 19.7
Cobalt(II) 19.0
Manganese(Il) 18.2
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TABLE XIII 
Relative Capacitance of 0.025 M 
Solutions of Various Metal 2-Furoylper- 
fluorobutyrylmethane Chelates in Ethyl Acetate
Relative Capacitance 
Metal Chelate (Dial Unit s)____
Manganese(Il) 19,840
Iron(III) 19,820
Nickel(II) 19,788
Cobalt(II) 19,779
Copper(Il) 19,591
Solvent 19,244
acetate and 0,01 M solutions of the five metal chelates in ethyl 
acetate are plotted at different wavelengths in Figure 6. All 
of the metal chelate solutions gave normal dispersion curves. A 
flat portion of the dispersion curves shown in Figure 6 occurs 
around 700 mytt, therefore, this wavelength was selected for de­
termining the relative polarizability, 0( , .of the five metal 
chelates.
The differences in refractive index between pure ethyl 
acetate and varying molar concentrations of the metal chelates in 
ethyl acetate are plotted for a wavelength of 700 in Figure 7. 
All of the metal chelate solutions give straight line relationships,
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Figure 5. Absorption Spectra for 0.01 M Solutions of Metal 2-Furoylperfluoro- 
butyrylmethane Chelates in Ethyl Acetate.
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Figure 6. Refractive Index Difference Between Pure Solvent and 0.01 M Solutions of
Metal 2-Furoylperfluorobutyrylmethane Chelates in Ethyl Acetate vs. Wavelength,
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It is noted that the refractive index difference and, therefore, the 
relative polarizability has the following sequence iron ) copper ) 
nickel, cobalt, manganese.
Discussion
If we assume that solubility is the driving force moving 
the metal chelates and adsorption the holding force, which is pro­
portional to the relative capacitance measurements, it becomes 
possible to explain the relative sequence of the four metal(ll) 
chelates. The iron(III) chelate appears out of place in this 
sequence. This may be due to its greater charge and its much 
larger molecular weight.
The relative solubilities of the metal chelates in the 
developing solvent as given in Table XII are copper ) iron) 
nickel, cobalt, manganese so that the effect of solubility will 
be to give that sequence. The metal chelates are being held 
according to their relative strengths of adsorption of the paper, 
and from Table XIII one notes the relative adsorption affinities 
are manganese) iron) nickel, cobalt) copper. The strength with 
which the metal chelates are held is inversely proportional to its 
effect on the relative R^. values which from adsorption affinities 
alone would be copper) nickel, cobalt) iron^ manganese,
A qualitative explanation of the sequence of R^ values 
except for iron(lll) can be seen from the following:
53
Rf predicted, from
Solubility
Adsorption
Solubility and 
Adsorption
Observed
Rf sequence
copper y iron^ nickel, cobalt, manganese.
copper^ nickel, cobalt^ iron^ manganese.
copper ^  nickel, cobalt manganese, 
copper^ iron^ manganese.
iron y copper ^  nickel, cobalt manganese.
The polarizabilities of the metal chelates determined from 
the refractive index difference between equimolar solutions of the 
metal chelates in ethyl acetate and pure ethyl acetate gives
iron ^  copper ^  nickel, cobalt, manganese
The more polarizable the solute, the more strongly it will 
be held by a polar adsorbent so that the Rf sequence predicted 
from polarizability and solubility would be:
Rf predicted from
Polarizability
Solubility
Polarizability and 
Solubility
Rf Observed
Rf sequence
nickel, cobalt, manganese^ copper^ iron.
copper^ iron ^ nickel, cobalt, manganese,
copper^ iron. nickel, cobalt and man­
ganese would not separate.
iron y copper^ nickel, cobalt^ manganese.
Since the Rf predictions from polarizability and solubility 
do not agree with the observed Rf sequence, it is supposed that 
the distortion polarization (electronic polarizability) does not 
play the most significant role in this system.
SUMMARY
The usefulness of organic chelating agents in the paper 
chromatographic separation of ionic mixtures was shown by the 
successful application of three different beta-diketones to the 
separation of ionic mixtures of from ';hree to five components.
The wide number of chelating and complexing agents offers the 
analyst an almost unlimited source of reagents to be investigated 
as possible aids in obtaining difficult ionic separations.
A .qualitative explanation of the relative sequence of 
the metal chelates was successfully obtained from a consideration 
of solubilities of the metal chelates in the developing solvent 
as the driving force, and adsorption affinities of the metal che­
lates for the paper as the holding force. The electronic polari­
zability of the metal chelates does not appear to be an important 
factor in determining the adsorption affinities of the different 
metal chelates for the' chromatographic paper.
Since there seems to be an excellent indication that a 
qualitative relationship exists in which the R  ^is proportional 
to the solubility and inversely proportional to the adsorption 
affinity, future work should be undertaken to determine if any 
quantitative relationship could be found. If a quantitative re­
lationship could be established, it should become possible to
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predict separations on the basis' of numerical differences between 
the driving and holding forces. Such a relationship will probably 
be difficult to obtain since a number of factors that could be 
neglected in a qualitative study will probably have to be con­
sidered in any quantitative relationship (e.g., dispersion forces, 
concentration, effect on the solubility of one species by the 
presence of others, and the effect of the competitive adsorption . 
of the developing solvent for the paper).
The material of this dissertation was presented at the 
Southwestern Regional Meeting of the American Chemical Society 
on December 6, 1954, and is the subject matter of two articles 
to be published in Analytical Chemistry:
’’Paper Chromatography of Cobalt(IIl), Copper(Il), and 
Nickel(II) Acetylacetonates” (Accepted for publication 
by Analytical Chemistry)
’’Paper Chromatography of Various Metal Beta-Diketone 
Chelates”
Part Is Metal 2-Thenoylperfluorobutyrylmethane Chelates 
Part II: Metal 2-Furoylperfluorobutyrylmethane Chelates
(Submitted for publication to Analytical Chemistry)
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